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Abstract

Seasonal variations in terms of light length per day significantly influence physiological, behavioral, and metabolic pro-
cesses in mammals, which are crucial for adaptation to environmental changes. This study examines the sex-dependent
responses to different photoperiods on diet-induced obese Fischer 344 (F344) rats, focusing on body weight, daily activity,
metabolism, and hormone levels. Male and female F344 rats were fed a cafeteria diet for 11 weeks and exposed to short
(L6, 6 h of light per day) and long (L18, 18 h of light per day) photoperiods to mimic winter and summer conditions
during the last 8 weeks.

Results indicated that male rats exhibited greater body weight gain compared to females under both photoperiods,
with a more pronounced increase in the long photoperiod correlating with testosterone levels. In addition, females dis-
played different activity distributions than male rats in L6 conditions. Male and female rats had a similar lipid profile in
both photoperiods, but females presented a better lipid profile and insulin sensitivity, correlating with increased levels of
melatonin. There is a sex-dependent effect on glucose levels only in short photoperiod with reduced levels in female rats.
In conclusion, there is an interaction between seasonal rhythms and sex, which results in varying susceptibilities to diet-
induced obesity. This research underscores the importance of considering sex differences in obesity studies and metabolic
responses to different light conditions.
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HPG Hypothalamic-pituitary-gonadal axis

HTP Hypothalamus-pituitary-thyroid axis

IBAT Interscapular brown adipose tissue

L12 Standard photoperiod, 12 h of light per day

L18 Long photoperiod, 18 h of light per day

L6 Dhort photoperiod, 6 h of light per day
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Q3 Third quartile
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T4 Tetraiodothyronine
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VHP Visceral hypertriglyceridemic phenotype
Introduction

In mammals, seasonal changes in metabolism, reproduction
and behavior are processes that require long-term changes,
thus animals can anticipate and adapt in advance to those
changes in their environment [1]. These adaptive mecha-
nisms are crucial for survival and reproductive success in
environments with predictable annual variations in climate,
food availability, and other resources [2]. Those seasonal
changes, also known as seasonal rhythms, are 12-month
duration cyclical biological processes that regulate various
physiological functions [1, 3]. These rhythms are controlled
by complex interactions between environmental cues,
mainly light, endogenous circannual clocks, and neuroen-
docrine pathways [4].

The seasonal regulation of body weight and metabo-
lism involves neuroendocrine mechanisms, particularly the
hypothalamus-pituitary-thyroid (HTP) axis [5]. In fact, hor-
mones such as melatonin or corticosterone are strongly reg-
ulated by changes in day length [6]. Melatonin, released in
the dark phase, is considered an internal neurochemical rep-
resentation of photoperiods (daylight lengths) and the main
reason for the photoperiodic response [4]. Melatonin influ-
ences photoperiodic processes by its action on pars tuberalis
of the pituitary gland, which regulates thyroid-stimulating
hormone (TSH). This hormone controls the activation of
thyroid hormone in hypothalamus by controlling deiodinase
enzymes type 2 and 3 (Dio2, Dio3), that are able to activate
or inactivate thyroid hormone, respectively [4, 5, 7].
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Photoperiodic changes significantly influence the physio-
logical responses, behavior and gene expression in rodents,
particularly regarding weight and metabolic regulation [7,
8]. It is well described that in rats, long photoperiods (more
than 12 h of light per day) exert a stimulatory response in
terms of body weight gain and food intake, while in short
photoperiods (less than 10 h of light per day) an inhibi-
tory effect can be seen, also in terms of hypothalamic gene
expression [7]. Interestingly, studies in humans have shown
that seasonal variations in day length can affect mood, appe-
tite, and energy expenditure, which may contribute to sea-
sonal patterns in weight gain and metabolic health [9].

Obesity is a risk factor for many metabolic diseases, such
as hypertension, type 2 diabetes, cardiovascular diseases, or
dyslipidemia, which can lead to the development of meta-
bolic syndrome (MetS) [10—12]. Obesity is high prevalent
nowadays and it is considered a seasonal rhythm disruptor
by altering metabolic processes such as lipid metabolism or
hormone production [13]. Photoperiod-induced metabolic
changes show significant variations in obesity models. In
rodents, short photoperiods typically lead to decreased food
intake and increased energy expenditure, reflecting a cata-
bolic state. In contrast, long photoperiods are linked to an
anabolic profile, characterized by higher food intake, lower
energy expenditure, and increased adiposity [14]. These
photoperiodic effects are often exaggerated or disrupted in
obese models, further complicating metabolic adaptations.
The altered seasonal signaling observed in obese animals is
associated with changes in hormone profiles, including mel-
atonin and leptin, as well as shifts in inflammatory markers
[14, 15].

Several studies have shown that rats fed with high fat
diets gain weight and induces a status of dyslipidemia and
creates insulin resistance by altering glucose metabolism
[13, 16]. It has been reported that changes induced by a
high-fat diet can affect corticosterone levels [17], energy
expenditure, and expression levels of orexigenic genes [13].
In this sense, cafeteria (CAF) diet has been proven to be a
good model to study all those changes in rodents, as it can
develop MetS in rats very similar to human, allowing the
results to be properly extrapolated [18].

Sex differences in obesity among rats have been exten-
sively studied, revealing notable distinctions in how each
sex responds to obesogenic diets and develops metabolic
disturbances. Specifically, it has been shown that the food
intake and the body weight gain is different between sexes,
accumulating males more visceral fat when fed with high-
fat diets than females, despite the adiposity index is lower
[19]. Other studies point out the sex-differences in meta-
bolic disturbances, such as females having better insulin
sensitivity, suggesting a hormone protective mechanism
and highlighting the role of estrogen [20]. Recent studies
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have demonstrated that male and female rats exhibit dis-
tinct patterns of gene expression in adipose tissue and liver
in response to high-fat diets, which may contribute to the
observed sexual dimorphism in obesity development [21].
Furthermore, sex-specific differences have been observed in
the hypothalamic regulation of energy balance and in the
response to various obesity interventions [22]. For instance,
female rats have shown greater resistance to diet-induced
obesity and better maintenance of glucose homeostasis
compared to males [23]. Additionally, the impact of obe-
sity on cardiovascular function and inflammation has been
found to be sex-dependent, with males often showing more
severe consequences [24]. These differences underscore
the critical importance of studying the effect of sexes in
obesity research to fully understand the complex interplay
between sex, hormones and metabolism. Several studies
have investigated the changes occurring in healthy animals
under different photoperiods, as well as in models of obe-
sity. However, to our knowledge, the interaction between
sex and photoperiod has not been investigated.

Taking all together, we hypothesize that the suscepti-
bility to diet-induced obesity is modulated by an interac-
tion between photoperiod and sex, with males and females
exhibiting different responses to varying daylight lengths
that influence metabolic and physiological factors. Hence,
this study aims to evaluate the sex-dependent effects upon
exposure to long and short photoperiods in diet-induced
obese photoperiod-sensitive Fischer 344 (F344) rats, focus-
ing on changes in body weight, daily activity, metabolism
and hormone levels. For this purpose, male and female F344
rats were chronically fed a CAF diet and exposed to a short
photoperiod (L6, 6 h of light per day) and a long photope-
riod (L18, 18 h of light per day) to mimic the day length of
winter and summer seasons, respectively.

Materials and methods
Experimental procedure in rats

A total of 40 male and female (n=20) F344 rats (12-week-
old) were purchased from Charles Rivers Laboratories
(Barcelona, Spain) and housed by pairs at 22°C and 50%
humidity under standard conditions of light and darkness
(L12, 12 h light/day), on reverse light cycle (lights off at 8
a.m.). The sample size of each group has been calculated
to detect differences in mean fasting blood glucose levels.
A power analysis was performed based on an alpha signifi-
cance level of 0.05 and a beta of 0.2 to achieve 80% power
to detect a 20-30 mg/dL difference in mean fasting blood
glucose levels [25]. Thus, a sample size of 10 animals per
group will be sufficient to detect clinical differences.

The animals were fed daily with CAF diet and tap water
ad libitum during the experiment. The CAF diet calorie
breakdown was 14% of proteins; 35% of fat and 51% of
carbohydrates and consisted of bacon, ensaimada (pastry),
biscuits with cheese and paté, carrots, standard chow, and
milk with 22% sucrose (w/v). Diet was newly introduced to
the animals one hour after the light turned off. After 3 weeks
of diet adaptation, 10 animals per sex were exposed to L6
photoperiod and 10 animals per sex to L18 photoperiod for
8 weeks (Fig. 1). No standard photoperiod L12 was used
because it is well reported that photoperiods with more than
10 h of light per day exert a stimulatory response in terms
of body weight gain and food intake [7]. Animal weight and
food intake were weekly recorded during the whole experi-
ment. For food intake recording, the weight of each dietary
component was measured before and after a period of 24 h.
Food intake was estimated by assuming equal consumption
among the two rats within each cage, and the total intake
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Fig. 1 Animal experimental design. 20 male and 20 female F344 rats were fed with CAF diet for 11 weeks and exposed to a short photoperiod
of 6/18 h light/darkness (L6) and long photoperiod of 18/6 h light/darkness (L18) for the last 8 weeks (n=10). Activity was measured at week 7
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of Kcal was calculated based in the nutritional information
provided by the correspondent manufacturer. Animal activ-
ity was measure during a 24 h period to analyze their daily
circadian cycle of activity, including the active and phase
rest, at week 7 of the experiment, once rats were totally
adapted to their photoperiods. The last day of the experi-
ment, food was removed when the lights turned off, and 3 h
later, at 11 a.m., animals were sacrificed by decapitation.
Blood was collected immediately in heparinized tubes, and
centrifuge at 1200x g for 15 min to collect the plasma, and
different organs and tissues were dissected and weighted.

Adiposity index was calculated by dividing the sum of
the weights of white adipose tissues by the final body weight
as a percentage. Fat mass was calculated as the sum of white
adipose tissues (epidydimal or periovarian, mesenteric and
inguinal), perirenal and subcutaneous adipose tissues. Lean
mass tissue was calculated as the difference between body
weight and adipose tissues. Energy efficiency coefficient
(EEC) was calculated to consider the caloric intake influ-
ences on the weight gain, where EEC=total body weight
gain / total energy intake, as described by Caroline de Oli-
veria Melo et al. [26].

Animal experiments were conducted in accordance with
the European Communities Council Directive (86/609/
EEC) and approved by the Animal Ethics Review Commit-
tee for Animal Experimentation of the Universitat Rovira
i Virgili and Generalitat de Catalunya (permission number
11610, approved in 2022).

Animal activity

Animal activity was measured using an Oxylet Pro System
(Panlab, Barcelona, Spain) and the Metabolism 2.1.02 (Pan-
lab, Cornella, Spain) software program. The activity of the
rats was recorded with sensors that detected when rat moves
in the cage.

Biochemical parameters in plasma

Glucose level was measured with an enzymatic colorimet-
ric assay (QCA, Amposta, Tarragona, Spain); total non-
esterified fatty acids (NEFA) were analyzed using FujiFilm
commercial kit (WAKO, Neuss, Germany); total cholesterol
(TC), high-density lipoprotein (HDL-C), low-density lipo-
protein (LDL-C), and triglycerides (TAG) were analyzed
in an automatic analyzer Cobas Mira Plus Autoanalyzer
(Roche Diagnostics, Spain) using commercial kits (Spinre-
act SA, Spain).

HDL-C/LDL-C ratio, TC/HDL-C ratio were calculated
in order to assess the risk for the development of cardio-
vascular disease. To evaluate the impact of CAF diet on
cardiovascular risk, atherogenic index (AI) was estimated
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as Al=log [TAG/HDL-C], as described by Caroline de
Oliveira Melo et al. [26].

Leptin and insulin levels were quantified using enzyme-
linked immunosorbent assays (ELISA) kits for rat and
mouse (EMD Millipore Corporation, St. Louis, Missouri).
The homeostatic model assessment for insulin resistance
(HOMA-IR) index was calculated as fasting insulin levels
(IU/mL) x fasting glucose levels (mg/dL)/405. The visceral
hypertriglyceridemic phenotype (VHP) was calculated to
evaluate another marker of insulin resistance, which is asso-
ciated with nutritional imbalances [26]. VHP was calculated
as: VHP = [In (TAG x glucose)/2] x visceral fat.

Circulating hormones

Circulating hormones melatonin, corticosterone, testos-
terone, triiodothyronine (T3), and tetraiodothyronine (T4)
were analyzed using liquid chromatography with triple
quadrupole tandem mass spectrometry (LC-QqQ-Ms/Ms).
For this, 50 pL of plasma was extracted with 250 pL of etha-
nol containing the internal standard (2 ng/ml). After centrif-
ugation during 5 min 4 °C and 252x g, the supernatant was
transferred to a new tube and mixed with 700 pL of 0.1%
formic acid in water and the sample was loaded to a solid-
phase extraction (SPE) system conditioned with methanol
and 0.1% formic acid in water. The cartridge was washed
with 0.1% formic acid in water and, after dry under high
vacuum, the compounds were eluted with 500 uL of metha-
nol and samples were evaporated in a Speed Vacuum at 45
°C and reconstituted with 50 pL of water: methanol (60:40,
v/v). After the extraction, samples were analyzed using a
Zorbax Eclipse C18 column (150x2.1 mm) from Agilent
Technologies.

Statistical analysis

Results are presented as median (quartile 1 (Q1)— quartile
3 (Q3)) or box plots with whiskers showing minimum to
maximum values, median and interquartile range. Statisti-
cal analysis was performed using GraphPad Prism software
(V9; Dotmatics). Sample size lower than 15 was taken
as non-parametric samples. In comparisons between >2
groups, two-way analysis of variance (ANOVA) followed
by Tukey HSD multiple comparisons test were performed.
Two-sided p-values of <0.05 were considered statistically
significant, and p-values between 0,1 and 0,05 were consid-
ered as a tendency. Correlation analysis between different
hormone levels and other parameters were also carried out
using GraphPad Prism software (V9, Dotmatics).
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Results

Photoperiods regulates fat mass, energy efficiency
and activity in a sex-dependent manner

In both photoperiod exposure conditions, male rats had
higher body weight gain than female rats (Fig. 2A). Also,
male rats had higher liver and lean/fat mass ratio than
females. However, adiposity index was higher in female
rats in both photoperiods (Table 1). Otherwise, both males
and female rats exposed to a L18 photoperiod had a higher
body weight gain and EEC than their counterparts exposed
to a L6 photoperiod. Even though, in males the increase in
body weight gain between photoperiods (52.35%) was most
important than in females (36.79%). Although there is not a
photoperiod effect, female rats in L6 had increased fat mass
and adiposity index and decreased lean mass than males.
There was a photoperiod effect on leptin levels, which were
higher in males and females exposed to L18 photoperiod.

In addition, leptin levels in L18 were higher in male than
in female’s rats (Fig. 2C). Male rats had higher food intake
than female rats in both photoperiod exposure conditions
(Fig. 2B). Food intake was lower in male and female rats
exposed to L18 photoperiod, despite no differences could
be observed throughout each week. In addition, a signifi-
cant interaction between sex and photoperiod was observed
in EEC, indicating that the photoperiod’s effect on caloric
intake influences weight gain in a sex-dependent manner.

Regarding the results of activity, males and female rats
were more active during the L6 photoperiod as the rats’
active phase last longer. Also, male and female rats had
a similar activity during the L18 photoperiod. However,
female rats exposed to a L6 photoperiod had higher activity
during the active phase and lower activity during the rest
phase than male rats (Fig. 3).
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Fig.2 Effect of photoperiod on body weight gain (A), daily food intake
(B), leptin levels (C) and on energy efficiency coefficient (D) in males
and females F344 rats fed with CAF diet for 11 weeks and exposed
for the last 8 weeks to two different photoperiods: short photoperiod
of 6/18 h light/darkness (L6) and long photoperiod of 18/6 h light/
darkness (L18). Data are expressed as mean+SEM (n=6-10) in AUC
graphs, and as minimum to maximum values, median and interquar-

tile range (n=10) in leptin and energy efficiency coefficient. S, sex
effect; P, photoperiod effect; SxP, interaction between sex and pho-
toperiod using 2-way ANOVA and Tukey as post-hoc comparisons;
* Indicates significant differences by groups (* p<0,05, ** p<0,01,
**% p<0,001, ¥*** p<0,0001); a Indicates trend (p=0.1-0.051) using
2-way ANOVA and Tukey as post-hoc test. AUC, area under the curve;
M, males; F, females
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S, P, SxP
S, P, sxp
S,P

248.5 (240.5-275.5) ™"

446.0 (431.8-458.3) &&&

230.5 (224.8-240.0) ™"

380.5 (373.3-397.5)

Final body weight (g)

Liver (%)
Brain (%)

2.347 (2.310-2.429) ™"

3.101 (2.987-3.182) &&

2.291(2.227-2.363) ™"

2.792 (2.714-2.981)

0.725 (0.683-0.782) ***

0.444 (0.439-0.452) &&&
0.899 (0.836-0.984) ®

0.758 (0.723-0.787) ™"
1.142 (1.006-1.371)
0.474 (0.458-0.489)

0.493 (0.489-0.528)

0.918 (0.827-1.051) &

1.110 (0.945-1.316)
0.455 (0.434-0.472)
0.159 (0.154-0.176)
3.588 (3.512-3.811)

Cecum (%)

S, P, SxP
S, P, SxP

0.457 (0.439-0.509) ™"

0.379 (0.355-0.415) &&&
0.145 (0.121-0.175)
3.522 (3.433-3.728)

Gastrocnemius and soleus muscles (%)

IBAT (%)

0.145 (0.128-0.170) &&&
3.451 (3.270-3.674)
5.235 (4.638-6.302)

0.214 (0.204-0.244)
3.549 (3.465-3.749)
5.742 (5.500-6.306)

Perirenal adipose tissues (%)

SxP
S

S
S

6.173 (5.608-6.935)

5.589 (4.857-6.079)

Subcutaneous adipose tissues (%)

Adiposity index (%)
Fat mass (%)

21.424 (20.058-22.615)
21.424 (19.376-22.615)
78.420 (77.215-80.487)
3.663 (3.420-4.170)

18.792 (17.334-19.978)

20.780 (19.775-21.917) ™™

16.347 (15.655-18.932)

18.792 (16.959-19.978)
81.059 (79.869-82.944)

4.314 (4.004-4.891)

20.780 (19.758-21.917) **

16.347 (15.644-18.932)
83.512 (80.923-84.172)
5.114 (4.275-5.381)

79.010 (77.867-80.008) ***

3.803 (3.553-4.048) ™
10). * Indicates significant differences by sex, & indicates significant differences by photoperiod, a and B indicate tendency

Lean mass (%)

Lean/fat mass ratio

Data are expressed as median (quartile 1 (Q1)— quartile 3 (Q3)) (n

respectively. The “effect” column represents the statistical results of photoperiod (P), sex (S) or their interaction (SxP). Upper case represents significant differences (p<0,05) and lower case
represents tendency (p<0,1). 2-way ANOVA test and Tukey as post-hoc comparisons (* or & p<0.05, ** or && p<0.01, *** or &&& p<0.001) was used. IBAT, interscapular brown adipose

tissue

Lipid and glycemic parameters in plasma are
modulated by sex and photoperiod

There was a strong sex-effect on lipid parameters (Fig. 4). In
this sense, males had higher levels of NEFA and lower levels
of HDL-C than female rats in both photoperiod conditions.
Also in both photoperiods, the HDL-C/LDL-C index was
lower in males, while Al was higher in females. In NEFA
and Al there was a photoperiod effect or sex-photoperiod
interaction, respectively. However, female rats only when
exposed to L18 photoperiod had increased levels of TC
and decreased levels of LDL-C than males exposed to the
same photoperiod. On the other hand, only when exposed to
L6 conditions, females had lower levels of TAG than male
rats in L6. Finally, males exposed to L18 had a lower TC/
HDL-C index than when exposed to L6 and this index in
males was higher than in females exposed to L6.

Sex and photoperiod also modulate plasma glycemic
parameters (Fig. 5). Male rats exposed to L6 and L18 photo-
periods showed increased values of the evaluated glycemic
parameters than females exposed to the same photoperiods,
except for glucose in L18, with similar levels in both sexes.
Interestingly, rats responded differently to photoperiod con-
ditions but similarly between sexes. In this regard, male and
female rats had a different response to photoperiod condi-
tions in insulin and HOMAR-IR with increased values in
L18. However, glucose levels were similar in males exposed
to L6 and L18 conditions, but females had decreased levels
in L6. In VHP, males but not females’ rats had higher levels
in L18 photoperiod.

Hormone levels in plasma are sex-dependent
in both photoperiods, but only photoperiod-
dependent in males

Melatonin levels were studied as the master hormone modu-
lating seasonal changes of photoperiod. Melatonin levels in
plasma were significantly affected by sex and photoperiod.
In this sense, in both L6 and L18 photoperiods, melatonin
was higher in females than in males, being this difference
steeper in short photoperiod. In addition, in males, but not
in females, there is a photoperiod effect, with higher levels
of melatonin during long photoperiod (Fig. 6A).

In addition, while there are any differences in T3 among
studied groups, there was a photoperiod effect in T4 in
males, in which T4 levels were higher in L18 than in L6,
and a sex effect in long photoperiod, in which T4 levels in
females were lower than males. In turn, T3/T4 ratio was sig-
nificantly higher in females when compared to males in long
photoperiod (Fig. 6D-F).

Corticosterone was studied as a response of stress con-
ditions. Levels of corticosterone were slightly higher in
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Fig. 3 Effect of photoperiod on 24-hours activity in males and females
F344 rats fed with CAF diet for 11 weeks and exposed for the last 8
weeks to two different photoperiods: short photoperiod of 6/18 h light/
darkness (L6) (A), and long photoperiod of 18/6 h light/darkness (L18)

females than in males in both photoperiods, but only in L6
significant differences were observed. There was not seen
a photoperiod effect, indicating that both males and female
rats responded in the same way to the photoperiod changes.
In both photoperiods, corticosterone levels in females had
more deviation (Fig. 6B).

Testosterone, as the main sexual hormone in males, also
influences metabolism changes. Testosterone levels were
higher in males than in females in both photoperiods and
there was a photoperiod effect in males, where testoster-
one levels were higher in long than in short photoperiod
(Fig. 6C).

Correlations between hormone profile, final body
weight, body composition, and lipid and glycemic
parameters

Final body weight, body composition, and lipid and glyce-
mic parameters were correlated with circulating hormones.
Neither of the hormones studied correlated with the adipose
tissues and cecum, while all of them, except T3, correlated
with brain, liver or muscles weights (Fig. 7). Melatonin was
the hormone with greatest correlation between the studied
parameters, modulating them in both positive and inverse
ways: while it had a strong inverse correlation with the final
body weight, it also affected fat mass and adiposity index

(B). Area under the curve (AUC) in dark (D, active phase) or light (L,
rest phase) (C). Data are expressed as mean+SEM (n=6-10). * Indi-
cates significant differences by groups (* p<0,05, **** p<0,0001)
using 2-way ANOVA and Tukey as post-hoc test. M, males; F, females

in a positive way. Both melatonin and corticosterone had
inverse correlation with the glycemic parameters analyzed
and with levels of NEFA and TAG, while a positive cor-
relation could be seen in the modulation of HDL-C. Inter-
estingly, neither of both hormones had significant effects in
the regulation of LDL-C, which is affected by the action of
T4, T3/T4 ratio and testosterone. Testosterone also have a
strong positive correlation with final body weight and VHP
index.

Discussion

Humans and other mammals such as F344 rats are seasonal
sensitive responding to the different daylight lengths with
variations in physiology, metabolism and behaviour. It has
been previously reported that the effects of a CAF diet in
F344 rats are dependent of the photoperiod [13], and that
sex is a determinant factor influencing the physiology and
metabolism in obesity [20]. However, to our knowledge, the
effect of sex on the responses to different photoperiods con-
ditions has not been studied. Considering the high preva-
lence of obesity and related pathologies and the influence of
photoperiods in physiology, metabolism and behaviour, in
this study we aimed to evaluate the impact of sex on daily
activity and on the physiological, metabolic and hormonal
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Fig. 4 Effect of photoperiod on lipid plasma profile. TAG (A), Non-
esterified fatty acids (NEFA) (B), TC (C), high density lipoprotein
cholesterol (HDL-C) (D), low density lipoprotein cholesterol (LDL-
C) (E), HDL-C/LDL-C index (F), TC/HDL-C index (G), and AI (H)
in males and females F344 rats fed with CAF diet for 11 weeks and
exposed for the last 8 weeks to short photoperiod of 6/18 h light/dark-
ness (L6) and long photoperiod of 18/6 h light/darkness (L18). Data

response to a long and short photoperiod conditions in diet
induced photoperiod sensitive F334 rats. For this, rats were
fed for 3 weeks with a CAF diet under L12 to allow animals
to acclimate and establish weight changes before introduc-
ing the photoperiod variable [27]. After this period, male
and female CAF fed F344 rats were exposed to a L6 and
L18 photoperiods for 8 weeks. The 8-week experimental
period under L6 or L18 was selected based on previous
studies showing that this duration is sufficient to observe
changes in metabolic parameters, body weight, and gene
expression related to circadian rhythms and corticosterone
levels in F344 rats [28, 29]. In addition, and as previously
mentioned, it has been demonstrated that the response of
rats when exposed to standard photoperiods with 12 h of
light per day is equivalent to long photoperiod exposures,
with more than 14 h of light per day, in terms of body weight
gain, food intake and gene expression in hypothalamus [7].
F344 rats are commonly used to study photoperiod changes
due to their sensitivity to day length variations. Studies with
F344 rats can be effectively contrasted with non-photoperi-
odic strains like Wistar or Sprague-Dawley, which exhibit
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are expressed as minimum to maximum values, median and interquar-
tile range (n=10). S, sex effect; P, photoperiod effect; SxP, interac-
tion between sex and photoperiod using 2-way ANOVA and Tukey
as post-hoc comparisons; *Indicates significant differences by groups
using 2-way ANOVA and Tukey as post-hoc comparisons (* p<0,05,
** p<0,01, ¥*** p<0,001, **** p<0,0001). M, males; F, females

minimal responses to changes in light [30]. F344 rats exhibit
significant physiological and reproductive responses when
exposed to different photoperiods. For instance, studies
have demonstrated that F344 rats adjust their growth, food
intake, and reproductive status in response to varying light
exposures [7]. This strain has also shown to exhibit signifi-
cant alterations in glucose and lipid metabolism in response
to different photoperiods [31]. However, one notable con-
cern is the different sensibility to photoperiods of distinct
substrains that may involve a variability in responses influ-
encing experimental outcomes [7]. Additionally, F344 rats
display genetic insulin resistance from an early age, while
maintaining regular levels of glucose, requiring significant
higher insulin levels to regulate blood glucose [32].
Different diets are widely used in animal models to
induce obesity in rodents, such as diets high in glucose,
in fructose, or in lipid content. In this sense, it has been
shown that CAF diet could be a robust model to induce
human-like MetS in rat models [18]. When feeding F344
rats with a CAF diet, during the summer-simulated photo-
period (L18), both males and females gained more weight
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Fig. 5 Effect of photoperiod on glycemic

parameters in plasma. Glucose in plasma (A), A)
insulin (B), homeostasis model assessment for

insulin resistance (HOMA-IR index) (C), and
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than in the winter-simulated photoperiod (L6), although the
food intake was lower in both conditions. This normally
occurs in mammals, which body weight gain increase dur-
ing long photoperiods as an adaptative response [33]. The
increased weight gain despite reduced food consumption
suggests a significant metabolic adaptation to the longer day
length possibly involving changes in energy expenditure
and storage mechanisms, as it is observed in the increase
of EEC in a long photoperiod, in both sexes, compared to
L6 conditions [34]. Other study remarked that adiposity
tend to decrease in shorter photoperiods when compared to
long [14], as evidenced in this study although not statisti-
cally significant. In fact, in this study there were no signifi-
cant differences between photoperiods but between sexes.
Specifically, female rats exposed to short photoperiod had
increased fat mass and adiposity index but decreased lean
mass than males in the same photoperiod conditions. The
same study showed that both CAF- and standard (STD)-fed
rats in L18 increased lean mass, while only lean/fat mass

ratio was lower in CAF-fed rats. In this work, no differ-
ences in lean mass between photoperiods can be seen, as
referred by Mariné-Casado et al. [13] after 7 week of CAF
diet. Our study shows a metabolic adaptation to changes in
photoperiods that involve changes in body weight gain and
food intake patterns. The higher weight gain in L18 cor-
relates with the lower activity levels that rats presented in
this photoperiod compared to L6. In this long photope-
riod, animals had fewer hours of darkness and, therefore,
fewer hours of the activity phase, resulting in less energy
expenditure and more weight gain. The impact of photope-
riod on activity is sex dependent, as seen in the differential
distribution of activity during L6, with females being more
active during the active phase compared to males, while the
opposite occurred during the rest phase. This sexual dimor-
phism in activity patterns suggests that male and female rats
have distinct mechanisms for adapting to changes in day
length. Activity results suggest that females were not totally
adapted to the L6 photoperiod, since their activity decreased
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Fig. 6 Effect of photoperiod on hormone plasma profile. Melatonin
(A), corticosterone (B), testosterone (C), T3 (D), T4 (E), and T3/T4
ratio (F) in males and females F344 rats fed with CAF diet for 11
weeks for the last 8 weeks to short photoperiod of 6/18 h light/dark-
ness (L6) and long photoperiod of 18/6 h light/darkness (L18). Data
are expressed as minimum to maximum values, median and interquar-

significantly after 12 h of darkness. This incomplete adap-
tation could be due to a mismatch between the imposed
photoperiod and the females’ endogenous circadian rhythm,
potentially leading to metabolic and behavioral disruptions
[3, 35]. Meanwhile, males exhibited a similar activity level
during the 18 h of this phase, suggesting a better adaptation
to the short photoperiod.

Many studies in L12 photoperiod have confirmed that
leptin levels in female rats are higher than in males, due to
a greater Al, which results in a higher production rate per
unit of mass [36, 37]. However, in the present study, females
had lower levels of leptin but higher Al than males in both
photoperiods. The increased leptin levels in males corre-
late with higher daily intake and body weight gain. Males
also have a higher insulin resistance in both photoperiods,
which results in increased compensatory insulin secretion
and thus higher leptin production [38, 39]. Females, on the
other hand, demonstrate better insulin sensitivity with lower
HOMA-IR index in both photoperiods, but higher under
L18 conditions. This may be due to the protective activity
of some hormones such as melatonin, which is higher in
female rats, or estrogens [40], which play a crucial role in
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tile range (n=10). S, sex effect; P, photoperiod effect; SxP, interac-
tion between sex and photoperiod using 2-way ANOVA and Tukey as
post-hoc comparisons; * Indicates significant differences by groups (*
p<0,05, ** p<0,01, *** p<0,001, **** p<0,0001); a Indicates trend
(p=0.1-0.051) using 2-way ANOVA and Tukey as post-hoc test. M,
males; F, females

maintaining metabolic homeostasis and protecting against
diet-induced metabolic disturbances [41]. Same pattern is
shown in males, with higher HOMA-IR index during L18
photoperiod when compared to L6 conditions, although
some studies have demonstrated that HOMA-IR index does
not vary between photoperiods in males fed with both stan-
dard or CAF diet when exposed to L6 or L18 conditions
for 9 weeks, highlighting the significant photoperiod-effect
shown in this study [42].

Our results confirmed a remarkably effect of sex in
lipid parameters. Female rats display a better health status
than males regarding lipid parameters, a finding consistent
with previous research on sexual dimorphism in metabolic
regulation [43, 44]. Females in both photoperiod condi-
tions, exhibited higher levels of HDL-C and lower values
of LDL-C than males. This sex-specific difference in lipid
profiles aligns with studies showing that estrogens play a
protective role in cardiovascular health by modulating lipid
metabolism [45, 46]. In addition, compared to male rats,
females had higher TC and lower levels of LDL-C at L18
and lower TAG levels at L6, correlating with better lipid
metabolism at specific photoperiods. However, there is any
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Fig.7 (A) Correlation r coefficients between circulating hormones and
final body weight, organ and tissues’ weight, and lipid and glycemic
parameters. Only statistically significant correlations (p<0.05) are

difference between photoperiods between rats of the same
sex. This lack of a photoperiod-response has been stud-
ied by our group in previous studies, where no differences
between short, standard, and long photoperiod have been
seen regarding lipid parameters in male CAF diet-fed rats
[13]. This consistency across photoperiods suggests that
lipid metabolism is robust to photoperiod-induced changes,
at least in the context of a CAF diet.

Recent studies have shown the relationship between
melatonin and lipid plasma profile and fat accumulation,
highlighting the role melatonin plays in the improving obe-
sity-related lipid metabolism [47, 48]. Estrogens also have a
protective role and are able to affect lipid metabolism both
directly and indirectly in females [49, 50]. Directly, they
interact with specific estrogen receptors located in various
adipose tissues [51]. Indirectly, they modulate the levels of
cytokines produced by adipose tissue, which play a funda-
mental role in various biological processes such as metab-
olism or inflammation [45]. In this study, there is a clear

Brain (%) HDL-C (mg/dL)

R=0.707 | p-value= 8.8x10° R=0.726 | p-value= 5.6x10
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Testosterone (ng/mL)
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shown in the table. * Indicates a significance of p<0.001. (B) Linear
regression analysis of the strongest observed correlation in parameters
affected by sex and photoperiod

sex effect in melatonin levels, where females exposed to
both photoperiods present higher levels than males, which,
along with estrogen levels, may explain the improvement
in the lipid profile and insulin resistance when compared to
males, thus underscoring the importance of the hormonal
profile in the health status of rats [45, 46]. This observa-
tion aligns with research on the effects of melatonin on
lipid metabolism in rats with diet-induced obesity, which
found that chronic continuous melatonin administration
reduced weight gain and serum TC levels in standard pho-
toperiod [48]. Melatonin levels significantly modulate vari-
ous physiological parameters, as evidenced by the observed
correlations. This hormone exhibits the highest correlation
coefficient concerning its influence on HDL-C levels, while
it inversely modulates NEFA and TAG levels, highlighting
its protective role in the lipid profile. Additionally, melato-
nin inversely correlates with final body weight, which was
to be expected as females presented higher levels of this
hormone and lower body weight at the end of experiment.

@ Springer



1300

S. Gomez-Roncal et al.

Expected levels of melatonin, as a darkness-signaling
hormone, in shorter photoperiods should be higher than
in long photoperiods as there are more hours of darkness.
In this study, there is a photoperiod-effect in males, being
higher in L18 conditions, which contradicts the general
knowledge. In the experimental design, the cycle of the rats
was changed, with the light being switched off at 8:00 a.m.,
thus at the time of sacrifice, 3 h later, they were in the active
phase (darkness). The changes in melatonin levels, and the
fact that there is not the expected photoperiod effect, may be
due to the timing of sampling, as the samples were not taken
at the same time of the dark cycle: at L18 they were taken
right in the middle of the active phase, while at L6 they
were taken at the beginning of the active phase. This fact
can be also related to the lack of differences in T3 hormone
among the groups, as it is regulated by changes in melato-
nin during the dark phase. Nevertheless, changes in T4 can
be seen in males between photoperiods, and between sexes
in long photoperiods, an increase in males exposed to L18
conditions was notable. In order to obtain a broad overview
of the thyroid axis, T3 and T4 were determined as the pri-
mary thyroid hormones that directly influence metabolism,
energy homeostasis, and reproduction and that are affected
by changes in photoperiods [4].

L6 animals exhibited a correlation between NEFA and
glucose levels, as both parameters are significantly higher
in males than in females. However, L18 females had lower
concentrations of NEFA in plasma, but the levels of glucose
are similar to males, suggesting an imbalance in glucose
metabolism and potentially higher hepatic production [52,
53]. This sex-specific difference in NEFA and glucose lev-
els aligns with research indicating that sex hormones play
a crucial role in modulating insulin sensitivity and glucose
homeostasis [59, 60].

The association between NEFA and insulin sensitivity
has been demonstrated in other studies, with higher NEFA
levels often linked to decreased insulin sensitivity [54], as
in this study in males. Gomez-Pérez et al. [62] reported
no sex-related differences in glucose levels in L12 rats fed
with HFD, while insulin levels were higher in males than in
females. These results, along with those in this study, sug-
gest that glucose is a sex-dependent parameter in shorter
photoperiods, but not in longer ones, such as L12 or L18.
Short photoperiods have been shown to enhance glucose
utilization in female rats, potentially due to the upregula-
tion of genes involved in insulin signalling and glucose
transporter type 4 (GLUT4) mobilization. These molecular
adaptations improve glucose uptake in insulin-sensitive tis-
sues like skeletal muscle [31]. However, insulin levels are
sex-dependent in an obesogenic context in all photoperiods.

In long photoperiods, with more hours of light per day,
the released of melatonin is lower than in short photoperiods.
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This hormone inhibits the activity of the axis hypothalamic-
pituitary-gonadal (HPG), which oversees liberation of
gonadotropin-releasing hormone (GnRH), in charge of tes-
tosterone released. It is well reported that, in short photo-
periods, as the levels of melatonin are higher, the secretion
of testosterone is lower, as referred by Heideman et al. and
Tavolaro et al. [7, 55]. This correlates with the results of this
study, as the levels of testosterone in males exposed to L18
photoperiod were higher than L6 conditions. The higher
presence of this hormone in males under long-day exposure
is associated with increased body weight and visceral fat
accumulation, as can be seen in the correlation analysis.
This is due to testosterone’s role in promoting muscle mass
and influencing fat distribution, particularly in the visceral
region, which correlates with higher TAG levels and VHP
[56]. It is well documented that the stress response is sex-
based, being females more sensitive to it [57]. Corticoste-
rone is a glucocorticoid hormone that plays a crucial role in
the stress response, and it is regulated by the hypothalamic-
pituitary-adrenal (HPA) axis. A hormonal imbalance also
significantly modulates corticosterone levels, emphasizing
the role of the hormonal profile [58]. Otsuka et al. [6] dem-
onstrated that, in normo-weight conditions, corticosterone
levels are affected by differences in photoperiods, and the
study by Id et al. [59], also showed that corticosterone lev-
els are disrupted by the diet in mice. Corticosterone levels
are inversely correlated with body weight gain, and they
also influence lipid parameters such as NEFA and TAG in
plasma. Interestingly, corticosterone is positively correlated
with HDL-C levels, suggesting a potential protective role of
this hormone in lipid metabolism, particularly in females.
Our results suggest that the sex-effect is more powerful that
the effect of photoperiods, as no differences between L6
and L18 have been seen. Female rats exhibit greater vari-
ability and higher levels of corticosterone in both short and
long photoperiods compared to males. This sex difference
is likely due to the increased sensitivity of the HPA axis in
females, which is influenced by gonadal hormones and the
estrous cycle [60]. In contrast, male rats show lower and
more stable corticosterone levels across different photoperi-
ods, suggesting a less reactive HPA axis response to changes
in day length [61]. Due to the high variability in female data,
care should be taken when interpreting the results, as these
fluctuations may reflect underlying complexities not fully
accounted for in the current analysis. However, the rest of
the data obtained in female rats did not show higher variabil-
ity than in males, indicating that female rats’ estrous cycle
has minimal impact on the validity of the data as reported
by Dayton et al. [62].

Overall, the hormonal profile in our study revealed dis-
tinct responses between sexes in relation to photoperiod
variations. In males, the levels of the studied hormones



Sex impact on daily activity and physiological, metabolic and hormonal responses to different photoperiod... 1301

fluctuated significantly between short and long photope-
riods, reflecting an adaptive response to changes in light
exposure. These variations in hormone levels were linked
to alterations in body weight, fat distribution, and metabolic
parameters. However, in females, the response to photope-
riod changes was less pronounced, with less significant dif-
ferences observed in hormone levels between short and long
photoperiod conditions. This lack of variation in females
may be attributed to the complex interplay of gonadal hor-
mones and the estrous cycle, which could buffer the impact
of photoperiod changes on hormone regulation, resulting in
a more stable hormonal profile regardless of light exposure
[40, 46].

Conclusion

In conclusion, the present study revealed an interaction
between photoperiod and sex, which is associated with dif-
fering susceptibilities to diet-induced obesity. This interac-
tion involves sex-dependent differences in daily activity and
physiological, metabolic, and hormonal responses to differ-
ent photoperiod conditions. These findings are of significant
physiological relevance since are crucial for understand-
ing how environmental factors, like light exposure, and
biological differences, like sex, influences in obesity. This
knowledge could ultimately lead to novel and personalized
therapeutic strategies or lifestyle recommendations to miti-
gate obesity, particularly tailored to individual differences
related to sex and environmental exposures. However, this
study has some limitations such as not analyzing estrogen
levels that may lead to miss important data regarding its role
in metabolic regulation and the response to diet-induced
obesity.

Further research is needed to gain a deeper understand-
ing of how changes in light exposure in obesity impact the
molecular mechanisms that regulate circadian rhythms,
while also exploring sex differences in these processes. In
addition, the analysis of follicle-stimulating hormone (FSH)
and luteinizing hormone (LH) may lead to new data on the
interaction between photoperiod and sex on reproductive
function.

Acknowledgements The authors would like to thank Niurka Dariela
Llépiz and Rosa Pastor for their technical assistance.

Author contributions S.G.R. and A.G.G.: Investigation, formal analy-
sis and validation, S.G.R.: writing—original draft. M.S., BM., G.A,,
M.M. and A.A.A.: Conceptualization and funding acquisition. A.A.A.:
supervision. S.G.R. and A.A.A.: writing-review.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature.
This work was supported by grant number PID2020-113739RB-100

funded by MCIN/AE/https://doi.org/10.13039/501100011033. S.G.R.
is the recipient of a grant from the hiring of predoctoral research staff
(Grant number: PRE-2021-097300) from the Spanish Ministry of Sci-
ence and Innovation. A.G.G is the recipient of a grant for the hiring of
predoctoral research staff (Grant number: 2022PMF-INV-3) from the
Universitat Rovira i Virgili. G.A. and M.M. are Serra-Hunter fellows.

Data availability No datasets were generated or analysed during the
current study.

Declarations
Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Zucker I (2001) Circannual rhythms. Mammals. In: Takahashi JS
et al (eds) Handbook of behavioural neurobiology. Springer, Bos-
ton, MA, New York

2. ChenJ, Okimura K, Yoshimura T (2020) Light and hormones in
seasonal regulation of reproduction and mood. Endocrinology
161:bqaal30. https://doi.org/10.1210/ENDOCR/BQAA130

3. Fatima N, Rana S (2020) Metabolic implications of circadian dis-
ruption. Pflugers Arch 472:513-526. https://doi.org/10.1007/S00
424-020-02381-6

4. Dardente H, Hazlerigg DG, Ebling FJP (2014) Thyroid hormone
and seasonal rhythmicity. Front Endocrinol (Lausanne) 5:19. http
s://doi.org/10.3389/fendo.2014.00019

5. Hanon EA, Lincoln GA, Fustin JM et al (2008) Ancestral TSH
mechanism signals summer in a photoperiodic mammal. Curr
Biol 18:1147-1152. https://doi.org/10.1016/J.CUB.2008.06.076

6. Otsuka T, Goto M, Kawai M et al (2012) Photoperiod regulates
corticosterone rhythms by altered adrenal sensitivity via melato-
nin-independent mechanisms in Fischer 344 rats and C57BL/6J
mice. PLoS ONE 7. https://doi.org/10.1371/journal.pone.003909
0

7.  Tavolaro FM, Thomson LM, Ross AW et al (2015) Photoperiodic
effects on seasonal physiology, reproductive status and hypotha-
lamic gene expression in young male F344 rats. J Neuroendocri-
nol 27:79. https://doi.org/10.1111/INE.12241

8. Ross AW, Helfer G, Russell L et al (2011) Thyroid hormone sig-
nalling genes are regulated by photoperiod in the hypothalamus
of F344 rats. PLoS ONE 6. https://doi.org/10.1371/JOURNAL.P
ONE.0021351

9. Stevenson TJ, Visser ME, Arnold W et al (2015) Disrupted sea-
sonal biology impacts health, food security and ecosystems. Pro-
ceedings of the Royal Society B: Biological Sciences 282:. https:
//doi.org/10.1098/RSPB.2015.1453

@ Springer


https://doi.org/10.13039/501100011033
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1210/ENDOCR/BQAA130
https://doi.org/10.1007/S00424-020-02381-6
https://doi.org/10.1007/S00424-020-02381-6
https://doi.org/10.3389/fendo.2014.00019
https://doi.org/10.3389/fendo.2014.00019
https://doi.org/10.1016/J.CUB.2008.06.076
https://doi.org/10.1371/journal.pone.0039090
https://doi.org/10.1371/journal.pone.0039090
https://doi.org/10.1111/JNE.12241
https://doi.org/10.1371/JOURNAL.PONE.0021351
https://doi.org/10.1371/JOURNAL.PONE.0021351
https://doi.org/10.1098/RSPB.2015.1453
https://doi.org/10.1098/RSPB.2015.1453

1302

S. Gomez-Roncal et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Gunawan S, Aulia A, Soetikno V (2021) Development of rat met-
abolic syndrome models: A review. Vet World 14:1774-1783
Alberti KGMM, Eckel RH, Grundy SM et al (2009) Harmonizing
the metabolic syndrome: A joint interim statement of the interna-
tional diabetes federation task force on epidemiology and pre-
vention; National heart, lung, and blood institute; American heart
association; world heart federation; international atherosclerosis
society; and international association for the study of obesity. Cir-
culation 120:1640-1645

Tune JD, Goodwill AG, Sassoon DJ, Mather KJ (2017) Cardio-
vascular consequences of metabolic syndrome. Translational Res
183:57-70

Mariné-Casad6é R, Domenech-Coca C, del Bas JM et al (2018)
Intake of an obesogenic cafeteria diet affects body weight, feed-
ing behavior, and glucose and lipid metabolism in a Photoperiod-
Dependent manner in F344 rats. Front Physiol 9. https://doi.org/1
0.3389/FPHYS.2018.01639/FULL

Navarro-Masip E, Caron A, Mulero M et al (2023) Photoperiodic
remodeling of adiposity and energy metabolism in Non-Human
mammals. Int J Mol Sci 24

Arreaza-Gil V, Avila-Romén J, Escobar-Martinez I et al (2023)
Photoperiod conditions modulate serum Oxylipins levels in
healthy and obese rats: impact of proanthocyanidins and gut
microbiota. Nutrients 15. https://doi.org/10.3390/NU15030707
Moreno-Fernandez S, Garcés-Rimoén M, Vera G et al (2018) High
fat/high glucose diet induces metabolic syndrome in an experi-
mental rat model. Nutrients 10. https://doi.org/10.3390/nu101015
02

Teeple K, Rajput P, Gonzalez M et al (2023) High fat diet induces
obesity, alters eating pattern and disrupts corticosterone circadian
rhythms in female ICR mice. PLoS ONE 18. https://doi.org/10.1
371/journal.pone.0279209

Sampey BP, Vanhoose AM, Winfield HM et al (2011) Cafeteria
diet is a robust model of human metabolic syndrome with liver
and adipose inflammation: comparison to high-fat diet. Obesity
19:1109-1117. https://doi.org/10.1038/0by.2011.18

Maric I, Krieger JP, van der Velden P et al (2022) Sex and spe-
cies differences in the development of Diet-Induced obesity and
metabolic disturbances in rodents. Front Nutr 9:828522. https://d
oi.org/10.3389/FNUT.2022.828522/BIBTEX

Bosch de Basea L, Bogufia M, Sanchez A et al (2024) Sex-Depen-
dent Metabolic Effects in Diet-Induced Obese Rats following
Intermittent Fasting Compared with Continuous Food Restric-
tion. Nutrients 2024, Vol 16, Page 1009 16:1009. https://doi.org/1
0.3390/NU16071009

Ryan CR, Dunham T, Murphy J et al (2020) Creatine supple-
mentation exhibits sex differences in white adipose tissue and
increases mitochondrial markers in female rats. FASEB J 34:1-1.
https://doi.org/10.1096/FASEBJ.2020.34.51.04601

Bentanachs R, Blanco L, Montesinos M et al (2023) Adipose tis-
sue protects against hepatic steatosis in male rats fed a High-Fat
diet plus liquid Fructose: Sex-Related differences. https://doi.org/
10.3390/NU15183909/S1. Nutrients 15:

Minabe S, Iwata K, Ozawa H (2021) Effects of Diet-Induced obe-
sity on hypothalamic Kisspeptin-Neurokinin-Dynorphin (KNDy)
neurons and luteinizing hormone secretion in sex hormone-
Primed male and female rats. J Endocr Soc 5:A537. https://doi.or
g/10.1210/JENDSO/BVAB048.1094

Tibaes JRB, Azarcoya-Barrera J, Wollin B et al (2022) Sex differ-
ences distinctly impact High-Fat Diet-Induced immune dysfunc-
tion in Wistar rats. J Nutr 152:1347—-1357. https://doi.org/10.109
3/IN/NXAC024

McConnell MM, Monteiro S, Bryson GL (2019) Sample size cal-
culations for educational interventions: principles and methods.
Can J Anesth 66:864—873. https://doi.org/10.1007/S12630-019-0
1405-9/FIGURES/1

@ Springer

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Caroline de Oliveira Melo N, Cuevas-Sierra A, Arellano-Garcia L
et al (2023) Oral administration of viable or heat-inactivated Lac-
ticaseibacillus thamnosus GG influences on metabolic outcomes
and gut microbiota in rodents fed a high-fat high-fructose diet. J
Funct Foods 109:105808. https://doi.org/10.1016/J.JFF.2023.105
808

Lalanza JF, Caimari A, Del Bas JM et al (2014) Effects of A
Post-Weaning cafeteria diet in young rats: metabolic syndrome,
reduced activity and low Anxiety-Like behaviour. PLoS ONE
9:¢85049. https://doi.org/10.1371/JOURNAL.PONE.0085049
Arreaza-Gil V, Escobar-Martinez I, Soliz-Rueda JR et al (2024)
Photoperiod effects on corticosterone and seasonal clocks in cafe-
teria-induced obese Fischer 344 rats are influenced by gut micro-
biota. Sci Rep 14:22560. https://doi.org/10.1038/S41598-024-73
289-9

Arreaza-Gil V, Escobar-Martinez I, Muguerza B et al (2022) The
effects of grape seed proanthocyanidins in cafeteria diet-induced
obese Fischer 344 rats are influenced by faecal microbiota in a
photoperiod dependent manner. Food Funct 13:8363-8374. https
://doi.org/10.1039/D2FO01206E

Lorincz AM, Benjamin Shoemaker M, Heideman PD (2001)
Genetic variation in photoperiodism among naturally photoperi-
odic rat strains. Am J Physiol Regul Integr Comp Physiol. https:
//doi.org/10.1152/AJPREGU.2001.281.6.R1817/ASSET/. http://1
MAGES/LARGE/H61210906005.JPEG 281:

Mariné-Casadd R, Domenech-Coca C, del Bas JM et al (2018)
The exposure to different photoperiods strongly modulates the
glucose and lipid metabolisms of Normoweight Fischer 344 rats.
Front Physiol 9. https://doi.org/10.3389/FPHYS.2018.00416
Levy JR, Davenport B, Clore JN et al Lipid metabolism and resis-
tin gene expression in insulin-resistant Fischer 344 rats. https://d
oi.org/10.1152/ajpendo

Ebling FJP (2014) On the value of seasonal mammals for identi-
fying mechanisms underlying the control of food intake and body
weight. Horm Behav 66:56-65. https://doi.org/10.1016/J.YHBE
H.2014.03.009

Kooijman S, Van Den Berg R, Ramkisoensing A et al (2015)
Prolonged daily light exposure increases body fat mass through
Attenuation of brown adipose tissue activity. Proc Natl Acad Sci
U S A 112:6748-6753. https://doi.org/10.1073/PNAS.150423911
2

Altaha B, Heddes M, Pilorz V et al Genetic and environmen-
tal circadian disruption induce metabolic 1 impairment through
changes in the gut Microbiome chair of nutrition and immunol-
ogy. https://doi.org/10.1101/2022.07.27.501612

Perakakis N, Farr OM, Mantzoros CS (2021) Leptin in leanness
and obesity: JACC State-of-the-Art review. J Am Coll Cardiol
77:745. https://doi.org/10.1016/J.JACC.2020.11.069

Fujita Y, Kouda K, Ohara K et al (2019) Leptin mediates the rela-
tionship between fat mass and blood pressure: the Hamamatsu
School-based health study. Medicine 98. https://doi.org/10.1097/
MD.0000000000014934

Courtney CH, Olefsky JM (2023) Insulin Resistance. Mecha-
nisms of Insulin Action: Medical Intelligence Unit 185-209. http
s://doi.org/10.1007/978-0-387-72204-7_10

Barazzoni R, Gortan Cappellari G, Ragni M, Nisoli E (2018)
Insulin resistance in obesity: an overview of fundamental altera-
tions. Eat Weight Disorders 23:149—157. https://doi.org/10.1007/
S40519-018-0481-6/METRICS

Mauvais-Jarvis F, Clegg DJ, Hevener AL (2013) The role of
estrogens in control of energy balance and glucose homeostasis.
Endocr Rev 34:309-338

Diaz A, Lopez-Grueso R, Gambini J et al (2019) Sex differences
in Age-Associated type 2 diabetes in Rats—Role of estrogens
and oxidative stress. https://doi.org/10.1155/2019/6734836. Oxid
Med Cell Longev 2019:


https://doi.org/10.1016/J.JFF.2023.105808
https://doi.org/10.1016/J.JFF.2023.105808
https://doi.org/10.1371/JOURNAL.PONE.0085049
https://doi.org/10.1038/S41598-024-73289-9
https://doi.org/10.1038/S41598-024-73289-9
https://doi.org/10.1039/D2FO01206E
https://doi.org/10.1039/D2FO01206E
https://doi.org/10.1152/AJPREGU.2001.281.6.R1817/ASSET/
https://doi.org/10.1152/AJPREGU.2001.281.6.R1817/ASSET/
http://www.IMAGES/LARGE/H61210906005.JPEG
http://www.IMAGES/LARGE/H61210906005.JPEG
https://doi.org/10.3389/FPHYS.2018.00416
https://doi.org/10.1152/ajpendo
https://doi.org/10.1152/ajpendo
https://doi.org/10.1016/J.YHBEH.2014.03.009
https://doi.org/10.1016/J.YHBEH.2014.03.009
https://doi.org/10.1073/PNAS.1504239112
https://doi.org/10.1073/PNAS.1504239112
https://doi.org/10.1101/2022.07.27.501612
https://doi.org/10.1016/J.JACC.2020.11.069
https://doi.org/10.1097/MD.0000000000014934
https://doi.org/10.1097/MD.0000000000014934
https://doi.org/10.1007/978-0-387-72204-7_10
https://doi.org/10.1007/978-0-387-72204-7_10
https://doi.org/10.1007/S40519-018-0481-6/METRICS
https://doi.org/10.1007/S40519-018-0481-6/METRICS
https://doi.org/10.1155/2019/6734836
https://doi.org/10.3389/FPHYS.2018.01639/FULL
https://doi.org/10.3389/FPHYS.2018.01639/FULL
https://doi.org/10.3390/NU15030707
https://doi.org/10.3390/nu10101502
https://doi.org/10.3390/nu10101502
https://doi.org/10.1371/journal.pone.0279209
https://doi.org/10.1371/journal.pone.0279209
https://doi.org/10.1038/oby.2011.18
https://doi.org/10.3389/FNUT.2022.828522/BIBTEX
https://doi.org/10.3389/FNUT.2022.828522/BIBTEX
https://doi.org/10.3390/NU16071009
https://doi.org/10.3390/NU16071009
https://doi.org/10.1096/FASEBJ.2020.34.S1.04601
https://doi.org/10.1096/FASEBJ.2020.34.S1.04601
https://doi.org/10.3390/NU15183909/S1
https://doi.org/10.3390/NU15183909/S1
https://doi.org/10.1210/JENDSO/BVAB048.1094
https://doi.org/10.1210/JENDSO/BVAB048.1094
https://doi.org/10.1093/JN/NXAC024
https://doi.org/10.1093/JN/NXAC024
https://doi.org/10.1007/S12630-019-01405-9/FIGURES/1
https://doi.org/10.1007/S12630-019-01405-9/FIGURES/1

Sex impact on daily activity and physiological, metabolic and hormonal responses to different photoperiod...

1303

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

Rodriguez RM, Colom-Pellicer M, Hernandez-Baixauli J et al
(2024) Grape seed Proanthocyanidin extract attenuates Cafete-
ria-Diet-Induced liver metabolic disturbances in rats: influence of
photoperiod. Int J Mol Sci 25:7713. https://doi.org/10.3390/1JMS
25147713/S1

Sosi¢-Jurjevié B, Liitjohann D, Trifunovié S et al (2023) Differ-
ences in cholesterol metabolism, Hepato-Intestinal aging, and
hepatic endocrine milieu in rats as affected by the sex and age. Int
J Mol Sci 24. https://doi.org/10.3390/1IMS241612624/S1

Quirds Cognuck S, Reis WL, Silva M et al (2020) Sex differences
in body composition, metabolism-related hormones, and energy
homeostasis during aging in Wistar rats. Physiol Rep 8. https://do
i.org/10.14814/PHY2.14597

Kolovou GD, Kolovou V, Kostakou PM, Mavrogeni S (2014)
Body mass index, lipid metabolism and estrogens: their impact
on coronary heart disease. Curr Med Chem 21:3455-3465. https:
//doi.org/10.2174/0929867321666140901114515

Zhu L, Zou F, Yang Y et al (2015) Estrogens prevent metabolic
dysfunctions induced by circadian disruptions in female mice.
Endocrinology 156:2114-2123. https://doi.org/10.1210/en.201
4-1922

Hsu LW, Chien YW (2023) Effects of melatonin supplementation
on lipid metabolism and body fat accumulation in ovariectomized
rats. Nutrients 15. https://doi.org/10.3390/NU15122800

Tung YT, Chiang PC, Chen YL, Chien YW (2020) Effects of
melatonin on lipid metabolism and Circulating Irisin in Sprague-
Dawley rats with Diet-Induced obesity. https://doi.org/10.3390/M
OLECULES25153329. Molecules 25:

Bischoff F, Bryson G (1981) Long-term estrogenization in mam-
mals. IV. Body, adrenal, and testes weights; polydipsia; food
intake; vasopressin administration; and serum corticosterone lev-
els in estrogenized male Evans rats. Res Commun Chem Pathol
Pharmacol 32:335-354

Abdel-Hamid MS, Mansour AM, Hassan MH et al (2023) Estro-
gen attenuates Diethylnitrosamine-Induced hepatocellular carci-
noma in female rats via modulation of Estrogen Receptor/FASN/
CD36/IL-6 axis. Biol Pharm Bull 46:1558-1566. https://doi.org/
10.1248/BPB.B23-00342

Bernasochi GB, Bell JR, Simpson ER et al (2019) Impact of
estrogens on the regulation of white, beige, and brown adipose
tissue depots. Compr Physiol 9:457-475. https://doi.org/10.1002/
CPHY.C180009

Murray A, Tharmalingam S, Nguyen P, Tai TC (123AD) untar-
geted metabolomics reveals sex-specific differences in lipid
metabolism of adult rats exposed to dexamethasone in utero. Sci
Rep| 11:20342. https://doi.org/10.1038/s41598-021-99598-x
Stanimirovic J, Obradovic M, Jovanovic A et al (2016) A high fat
diet induces sex-specific differences in hepatic lipid metabolism

54.

55.

56.

57.

S8.

59.

60.

61.

62.

and nitrite/nitrate in rats. Nitric Oxide 54:51-59. https://doi.org/1
0.1016/j.ni0x.2016.02.007

Johnston LW, Harris SB, Retnakaran R et al (2018) Association of
NEFA composition with insulin sensitivity and beta cell function
in the prospective metabolism and islet cell evaluation (PROM-
ISE) cohort. Diabetologia 61:821-830. https://doi.org/10.1007/S
00125-017-4534-6

Heideman PD, Bierl CK, Eric Galvez M (2000) Inhibition of
reproductive maturation and somatic growth of Fischer 344 rats
by photoperiods shorter than L14:D10 and by gradually decreas-
ing photoperiod 1

Ciarambino T, Crispino P, Guarisco G, Giordano M (2023)
Gender Differences in Insulin Resistance: New Knowledge and
Perspectives. Current Issues in Molecular Biology 2023, Vol 45,
Pages 7845-7861 45:7845-7861. https://doi.org/10.3390/CIMB4
5100496

Khurana RC, Devaud LL (2007) Sex differences in neurotrans-
mission parameters in response to repeated mild restraint stress
exposures in intact male, female and ovariectomised female rats.
J Neuroendocrinol 19:511-520. https://doi.org/10.1111/j.1365-28
26.2007.01557.x

Majid WJ, Talab TA, Saced MN (2021) Study the efficacy of
cyproterone and Metformin in modulation of hormonal distur-
bances in Estrogen valerate induced PCOS in female rats. Int J
Biol Pharm Sci Archive 2:055-058. https://doi.org/10.53771/1JB
PSA.2021.2.1.0068

Id KT, Rajput P, Gonzalez Id M et al (2023) High fat diet induces
obesity, alters eating pattern and disrupts corticosterone circadian
rhythms in female ICR mice. https://doi.org/10.1371/journal.pon
¢.0279209

Bekhbat M, Merrill L, Kelly SD et al (2016) Brief anesthesia by
isoflurane alters plasma corticosterone levels distinctly in male
and female rats: implications for tissue collection methods. Behav
Brain Res 305:122-125. https://doi.org/10.1016/j.bbr.2016.03.00
3

Pereiro N, Moyano R, Blanco A, Lafuente A (2014) Regulation of
corticosterone secretion is modified by PFOS exposure at differ-
ent levels of the hypothalamic-pituitary-adrenal axis in adult male
rats. Toxicol Lett 230:252-262. https://doi.org/10.1016/J.TOXLE
T.2014.01.003

Dayton A, Exner EC, Bukowy JD, Cycle: Estrous variation does
not require increased sample size in the study of female rats
(2016) Hypertension 68:1139. https://doi.org/10.1161/HYPERT
ENSIONAHA.116.08207. BREAKING THE

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.niox.2016.02.007
https://doi.org/10.1016/j.niox.2016.02.007
https://doi.org/10.1007/S00125-017-4534-6
https://doi.org/10.1007/S00125-017-4534-6
https://doi.org/10.3390/CIMB45100496
https://doi.org/10.3390/CIMB45100496
https://doi.org/10.1111/j.1365-2826.2007.01557.x
https://doi.org/10.1111/j.1365-2826.2007.01557.x
https://doi.org/10.53771/IJBPSA.2021.2.1.0068
https://doi.org/10.53771/IJBPSA.2021.2.1.0068
https://doi.org/10.1371/journal.pone.0279209
https://doi.org/10.1371/journal.pone.0279209
https://doi.org/10.1016/j.bbr.2016.03.003
https://doi.org/10.1016/j.bbr.2016.03.003
https://doi.org/10.1016/J.TOXLET.2014.01.003
https://doi.org/10.1016/J.TOXLET.2014.01.003
https://doi.org/10.1161/HYPERTENSIONAHA.116.08207
https://doi.org/10.1161/HYPERTENSIONAHA.116.08207
https://doi.org/10.3390/IJMS25147713/S1
https://doi.org/10.3390/IJMS25147713/S1
https://doi.org/10.3390/IJMS241612624/S1
https://doi.org/10.14814/PHY2.14597
https://doi.org/10.14814/PHY2.14597
https://doi.org/10.2174/0929867321666140901114515
https://doi.org/10.2174/0929867321666140901114515
https://doi.org/10.1210/en.2014-1922
https://doi.org/10.1210/en.2014-1922
https://doi.org/10.3390/NU15122800
https://doi.org/10.3390/MOLECULES25153329
https://doi.org/10.3390/MOLECULES25153329
https://doi.org/10.1248/BPB.B23-00342
https://doi.org/10.1248/BPB.B23-00342
https://doi.org/10.1002/CPHY.C180009
https://doi.org/10.1002/CPHY.C180009
https://doi.org/10.1038/s41598-021-99598-x

	﻿Sex impact on daily activity and physiological, metabolic and hormonal responses to different photoperiod regimens in diet-induced obese fischer 344 rats
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Experimental procedure in rats
	﻿Animal activity
	﻿Biochemical parameters in plasma
	﻿Circulating hormones
	﻿Statistical analysis

	﻿Results
	﻿Photoperiods regulates fat mass, energy efficiency and activity in a sex-dependent manner
	﻿Lipid and glycemic parameters in plasma are modulated by sex and photoperiod
	﻿Hormone levels in plasma are sex-dependent in both photoperiods, but only photoperiod-dependent in males
	﻿Correlations between hormone profile, final body weight, body composition, and lipid and glycemic parameters

	﻿Discussion
	﻿Conclusion
	﻿References


